Introduction
Over the past three decades, much progress has been made in the remediation of soil and groundwater contaminated by chlorinated solvents. Yet these pervasive contaminants continue to present a significant challenge to the U.S. Department of Energy (DOE), other federal agencies, and other public and private organizations. The physical and chemical properties of chlorinated solvents make it difficult to rapidly reach the low concentrations typically set as regulatory limits. These technical challenges often result in high costs and long remediation time frames. In 2003, the DOE through the Office of Environmental Management funded a science-based technical project that uses the U.S. Environmental Protection Agency's technical protocol (EPA, 1998) and directives (EPA, 1999) on Monitored Natural Attenuation (MNA) as the foundation on which to introduce supporting concepts and new scientific developments that will support remediation of chlorinated solvents based on natural attenuation processes. This project supports the direction in which many site owners want to move to complete the remediation of their site (s) , that being to complete the active treatment portion of the remedial effort and transition into MNA.
The overarching objective of the effort was to examine environmental remedies that are based on natural processesremedies such as Monitored Natural Attenuation (MNA) or Enhanced Attenuation (EA). The research program did identify several specific opportunities for advances based on: 1) mass balance as the central framework for attenuation based remedies, 2) scientific advancements and achievements during the past ten years, 3) regulatory and policy development and real-world experience using MNA, and 4) exploration of various ideas for integrating attenuation
Executive Summary
Various attenuation mechanisms control the destruction, stabilization, and/or removal of contaminants from contaminated subsurface systems. Measuring the rates of the controlling attenuation mechanisms is a key to employing mass balance as a means to evaluate and monitor the expansion, stability and subsequent shrinkage of a contaminant plume. A team of researchers investigated the use of push-pull tests for measuring reductive dechlorination rates in situ at sites with low chlorinated solvent concentrations (<1 ppm). The field research also examined the synergistic use of a suite of geochemical and microbial assays. Previous push-pull tests applied to environmental remediation objectives focused on general hydrological characterization or on designing bioremediation systems by examining the response of the subsurface to stimulation. In this research, the push-pull technique was tested to determine its "low-range" sensitivity and uncertainty. Can these tests quantify relatively low attenuation rates representative of natural attenuation? The results of this research indicate that push-pull testing will be useful for measurement of in situ reductive dechlorination rates for chlorinated solvents at "Monitored Natural Attenuation" (MNA) sites. Further, using principal component analysis and other techniques, the research confirmed the usefulness of multiple lines of evidence in site characterization and in upscaling measurements made in individual wells -especially for sites where there is a geochemical gradient or varying geochemical regimes within the contaminant plume.
Three topic areas were identified to facilitate development during this project. Each of these topic areas, 1) mass balance, 2) enhanced attenuation (EA), and 3) innovative characterization and monitoring, was explored in terms of policy, basic and applied research, and the results integrated into a technical approach. Each of these topics is documented in stand alone reports, WSRC-STI-2006 -00082, WSRC-STI-2006 -00083, and WSRC-STI-2006 . In brief, the mass balance efforts are examining methods and tools to allow a site to be evaluated in terms of a system where the inputs, or loading, are compared to the attenuation and destruction mechanisms and outputs from the system to assess if a plume is growing, stable or shrinking. A key in the mass balance is accounting for the key attenuation processes in the system and determining their rates. EA is an emerging concept that is recognized as a transition step between traditional treatments and MNA. EA facilitates and enables natural attenuation processes to occur in a sustainable manner to allow transition from the primary treatment to MNA. EA technologies are designed to either boost the level of the natural attenuation processes or decrease the loading of contaminants to the system for a period of time sufficient to allow the remedial goals to be met over the long-term. For characterization and monitoring, a phased approach based on documenting the site specific mass balance was developed. Tools and techniques to support the approach included direct measures of the biological processes and various tools to support cost-effective long-term monitoring of systems where the natural attenuation processes are the main treatment remedies. The effort revealed opportunities for integrating attenuation mechanisms into a systematic set of "combined remedies" for contaminated sites.
An important portion of this project was a suite of 14 research studies that supported the development of the three topic areas. A research study could support one or more of these three topic areas, with one area identified as the primary target. The following report documents the results of the evaluation of applying push-pull tests as a field method to measure in situ rates of reductive dechlorination for sites with low concentrations of chlorinated solvents (<1 ppm) that are either being considered for or in a state of MNA. This effort was led by Aaron Peacock of Microbial Insights and Jack Istok of Oregon State. This study supports the topic area(s) of characterization and monitoring and mass balance. The research challenge was to develop and field test technologies to determine microbial processes in situ using a method that will integrate over distance and volume. The objective of this research project was to expand the role of push-pull tests in characterizing contaminated groundwater to meet the above described research challenge. Previous push-pull tests that were applied to environmental remediation objectives used geochemical measurements to estimate hydrologic properties and/or used amendment solutions during the push phase to help design bioremediation. The bioremediation design work has been for both organic contaminants such as chlorinated solvents and for metals/radionuclides, such as uranium and technetium. In the DOE MNA/EA project the researchers expanded the measured parameters to include WSRC-STI-2006-00340, Rev. 0 January 2, 2007 Page I-iv of I-vi microbial assays and focused on unamended systems. The test results were evaluated for the ability to use the field data to determine natural attenuation rates within the system. The results of the combined tests were used to assess the ongoing and potential microbial processes occurring in situ and direct field-scale correlations between microbial dynamics and degradation rates and potential.
The results of the study indicated that push-pull tests using contaminant surrogates provided information from a relatively large subsurface volume (circa 0.1 to 0.3 m 3 ) under field conditions and provided sufficient sensitivity to estimate natural attenuation rates in most wells. Zero-order transformation rates of trichlorofluoroethene (a surrogate for trichloroethene) ranged from < 0.05 to 1.00 nM/hr. The data correlated with geochemical measurements and principal component analysis to provide practical and useful input to mass balance modeling efforts -two major geochemical and microbial regimes were identified. These regimes, using appropriate field-measured contaminant transformation rates for each, can be incorporated into future contaminant fate and transport models. This study demonstrated for the first time that push-pull tests with reactive tracers can be used to detect and quantify reductive dechlorination of chlorinated ethenes and ethanes under monitored natural attenuation conditions.
As the MNA/EA project's Technical Working Group (TWG) evaluated the importance of mass balance in determining if an attenuation-based remedy would be appropriate for a site, they identified the need to measure the rates of the various attenuation mechanisms. For the most part these rates are estimated based on combining various data sets. A lowcost characterization method that would result in the measure of the in situ rates of attenuation would provide valuable input data for mass balance calculations.
The TWG was supportive of this project in that it provides a method to measure in situ rates of attenuation in a cost efficient manner over a large spatial area and the results can be inputted into site groundwater fate and transport models and evaluations/projections of future conditions/sustainability. TWG members found the use of the principal components analysis an innovative approach for ordination and grouping of wells and defining zones of a plume with distinct characteristics. They also noted the researchers effectively integrated chlorinated solvent and daughter products data, geochemical data and data from the use of molecular biological tools with the push-pull test data to provide supporting evidence for their results. Because this is the first time push-pull tests were used for this application it was noted by the TWG that additional tests of this application should be conducted at other locations to validate its use.
Background ground water samples were analyzed for a suite of geochemical and microbial parameters, and push-pull tests with fluorinated reactive tracers were used to measure in situ reductive dechlorination rates. Geochemical data provided some evidence that reductive dechlorination was occurring at the site, and microbial data confirmed the presence of known dechlorinating organisms as well as sulfate reducers, iron reducers, and methanogens. A principal component analysis identified three groups of wells with similar geochemical and microbial characteristics. Push-pull tests were conducted using trichlorofluoroethene (TCFE) as a reactive tracer for trichloroethene (TCE) , 1997; de Best, 1997 de Best, , 1999 Newell et al., 2000; Adamson and Parkin, 2001; Major et al., 2002) . However, the rate and extent of reductive dechlorination and the distribution of transformation products are known to vary widely.
For example, complete dechlorination of TCE to ethene has been observed at some sites, whereas incomplete transformation has resulted in the accumulation of dichloroethene (DCE) isomers or vinyl chloride (VC) with no ethene production at other sites (Middeldorp et al., 1999) .
Reliable information on the occurrence, extent, and rate of reductive dechlorination is particularly important for monitored natural attenuation (MNA) assessments. Currently, environmental assessments utilize a range of techniques to estimate the potential of MNA. These methods include long-term contaminant data supplemented with synoptic geochemical and microbial sampling and numerical modeling to estimate the likelihood that MNA will be successful (see e.g., Wiedemier et al., 1996 organisms that are known to partially or completely dehalogenate chlorinated ethenes (Ritalahti et al., 2006) .
Critical factors in MNA assessments include demonstrating that a particular contaminant transformation reaction is occurring, and determining the reaction rate.
Geochemical and microbial indicator data are often used to provide indirect 'lines of evidence' of transformation processes, but can yield inconclusive or conflicting results.
Contaminant transformation rates are often estimated by either fitting transport models to monitoring well data using the transformation rate as an adjustable parameter or by conducting laboratory microcosm experiments. However, the applicability of these estimates to field-scale predictions of contaminant transport is unknown. For example, transformation rates obtained by fitting monitoring well data to the models have a high level of uncertainty because the diagnostic transformation products may be present as cocontaminants. The observed changes in contaminant concentrations attributed to transformation reactions may also result from unrelated physical or chemical processes due to site heterogeneity and sparse monitoring. Moreover, transformation rate estimates obtained from microcosm experiments, which do not always accurately mimic in situ conditions, should be interpreted with caution.. Thus, there is a demand for the development of field methods that verify the biotransformation of contaminants and quantify in situ transformation rates (Madsen, 1991; 1998) Previous studies have used the push-pull test methodology to investigate reductive dechlorination of chlorinated ethenes subsequent to biostimulation with exogenous electron donors (e.g. lactate or H 2 ) (see Field et al., 2005) . This study represents the first attempt to apply these techniques to a contaminated environment under MNA conditions.
Push-pull tests were conducted in existing monitoring wells using injected TCFE as a reactive tracer for TCE. Because site groundwater also contained trace concentrations of carbon tetrachloride (CTET, tetrachloromethane), we attempted for the first time to measure in situ reductive dechlorination rates for a chlorinated ethane by injecting trichlorofluoromethane (TCFM) as an analog for CTET. Given its similar chemical structure to CTET, we hypothesized that TCFM should be reductively dechlorinated following an analogous pathway ( Figure 2 ). As part of this study, we also collected a comprehensive suite of geochemical and microbial indicator data from the wells prior to the push-pull tests. Although geochemical and microbial data are routinely collected during MNA assessments, this study represents the first attempt to investigate relationships between these data and measured in situ contaminant transformation rates.
While fully investigating the relationships among these disparate data types in a systematic and comprehensive way was beyond the scope of this study, the preliminary data reported here will serve as a platform for future research in MNA assessments. Test Wells: Within the study area, the principal water-bearing formation is an unconfined aquifer comprised of massive beds of sand and clayey sand containing minor interbeds of clay, which are bounded below by low permeable clay. Groundwater in the unconfined aquifer is recharged by surface infiltration and discharges to wetlands and streams (Flach et al., 1999) . A suite of test wells was selected to examine the transformation behavior of injected reactive tracers along groundwater flowpaths from the source zone, through the main plume, to a discharge zone at the Twin Lakes wetlands ( Figure 3 ).
METHODS

Baseline (Pre-Test) Groundwater Characterization: Groundwater samples were
collected from all wells prior to testing using conventional groundwater sampling protocols (i.e. low flow rate purging until the pH, dissolved oxygen, electrical conductivity, and oxidation-reduction potential stabilized, followed by sample collection). Geochemical analyses performed and methods used for baseline characterization are described in Table 1 . Microbiological sampling was accomplished by filtering groundwater through a 0.2 µm filter and freezing the filter onsite until shipment and processing in the laboratory. Phospholipid fatty acid (PLFA) analysis was performed on the samples according to the methods described by Pinkart et al. (2002) .
16S rRNA gene diversity was assessed via denatured gradient gel electrophoresis (DGGE) with band excision and sequencing as described by Peacock et al. (2004) . For real-time PCR analyses, samples were extracted using MoBio Laboratories (Solana Beach, CA) Power Soil DNA kits according to the manufacturer's recommendations.
Real-time PCR was performed on each sample with oligonucleotides designed to target the region of interest (Suzuki, 2000) . For Taqman at 50°C and 10 min at 95°C, followed by 50 cycles of 15 s at 95°C and 1 min at 58°C.
The PCR reaction was carried out in an ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, CA) (Harms, 2003 and Stultz, 2001 into the main injection line using a second pump head installed on the peristaltic pump.
The chemical composition of the test solution was determined by collecting and analyzing samples during injection.
Transport Tests: Transport tests were conducted in three wells to obtain retardation factors for site-scale modeling and interpreting transformation test data. Test solutions were prepared and injected as described above. Immediately after completion of the injection phase, a peristaltic pump was used to continuously extract groundwater from the test well until ~ 3 times the injected volume had been extracted. Sufficient samples were collected during the extraction phase and analyzed to prepare breakthrough curves for all injected tracers and their transformation products. Tests were completed within 4 to 6 hours. Retardation factors were estimated from transport test data using the method of Schroth et al. (2001) , which assumes that TCFE and TCFM sorption behavior can be described by linear equilibrium isotherms. tracers and their transformation products formed in situ were prepared using the "forced mass balance" (FMB) technique developed by Hageman et al. (2003) . The FMB technique requires estimates of retardation factors for injected reactive tracers and their transformation products. Retardation factors for TCFE and TCFM were obtained from the transport test data as described above. Retardation factors for TCFE and TCFM transformation products were estimated using the estimated retardation factor for TCFE or TCFM and the octanol:water partition coefficient (Kow) for each compound as follows (using DCFE as an example):
where R TCFE is the estimated TCFE retardation factor obtained from a transport test, K TCFE is the computed sediment:water distribution coefficient for TCFE, Kow DCFE and Kow TCFE are octanol:water partition coefficients and R DCFE is the estimated DCFE retardation factor. An analogous procedure was used for all TCFE and TCFM transformation products. Dilution-adjusted concentration profiles were fitted by minimized least squares to obtain in situ transformation rates.
Analytical Methods: Samples for bromide analysis were collected in 15-mL plastic vials. Samples for volatiles analysis including TCFE, TCFM, and their transformation products were collected in 40-mL glass acid-preserved VOA vials without headspace.
Samples were stored and shipped on ice until analyzed. Bromide concentrations were determined using a Dionex model DX-120 ion chromatograph equipped with an electrical positively identified by comparing their spectra, which were obtained by operating the MS in scan mode, to published spectra. The MS was operated in selected ion monitoring mode for quantitation. 1-Chloropropane and 1-chlorobutane were used as internal standards for gas chromatography.
RESULTS and DISCUSSION
Groundwater Characterization:
TCE was detected in every monitoring well except well CRP-41A. TCE concentrations ranged from 3100 µg/L in CRP-20CL (near the source and in the plume)
to 30 µg/L in CRP-44B (the wetland groundwater discharge area) ( Carbon tetrachloride was detected above trace levels in wells CRP-20CL and CRP-41A. Chloroform was only detected in these wells and well CRP-3D. Although chloroform is a known reductive dechlorination product of anaerobic CTET transformation (Figure 1) , it is also a common co-contaminant with carbon tetrachloride.
Therefore, its presence does not provide unequivocal evidence for ongoing carbon tetrachloride reductive dechlorination.
The conclusion that conditions in the wetland wells are favorable for the reductive dechlorination of chlorinated solvents was also supported by geochemical data. However, not all of the measured parameters yielded consistent results ( Microbial data provided additional evidence of increased microbial activity in wetland wells (Table 3) sequenced PCR product, the closest described match is reported (Table 4) .
A principal component analysis (PCA) of the geochemical and microbial data was used to investigate overall patterns of similarity among the wells ( Figure 5 ). The results
show that the wells can be separated into three distinct groups. The first group contained wells CRP-3D, 20CL, and 18D, which had relatively higher concentrations of dissolved oxygen, nitrate and TCE, and relatively lower concentrations of less-chlorinated ethenes. (Table 5) . Estimated retardation factors for TCFM were somewhat larger, ranging from 1.9 to 5.1, with an average of 3.3 (Table 5) .
These results were expected because TCFM is more hydrophobic, having a lower aqueous solubility and higher octanol:water partition coefficient than TCFE. The method of Schroth et al. (2001) also provides estimates for aquifer dispersivity, and these values ranged from 0.5 to 2.0 cm, with an average of 1.1 cm (Table 5 ).
Transformation Tests:
In situ transformation of injected TCFE was observed in wells CRP-3D, 18D, 41A, 41B, 22CL, and 48A. In situ transformation of injected TCFM was also observed in well CRP-3D. Unequivocal evidence that aquifer conditions support the reductive dechlorination of TCFE and TCFM (and, by analogy, TCE and CTET) was demonstrated by the detection of diagnostic reductive dechlorination products from these tracers including cis-and trans-DCFE, CFE, FE, DCFM, and CFM. However, in most tests FE was not detected (see below), and our analytical method was unable to quantify FM. In this test we were only able to monitor the reductive daughter products of TCFE and TCFM. Doubtless there may be other mechanisms at work in regards to the attenuation of the reactive tracers (e.g. oxidation or mineralization). We were not able to measure these processes, but using the mass balance approach that the push-pull affords we could quantify the reductive processes.
In well CRP-41B, injected TCFE was transformed to DCFE and CFE during the ~1,800-hour duration test ( Figure 7 ). As in all tests, transformation product concentrations were very low, and only a small fraction of the injected TCFE was transformed to less-chlorinated products. For this test, the maximum DCFE concentration after dilution-adjustment was only ~ 270 nM, which was ~1 % of the (2005) proposed the use of injected CFE to improve the sensitivity of detecting the transformation of CFE to FE.
Transformation of TCFE to DCFE, CFE, and FE was observed in well CRP-48A
( Figure 8 ). The detection of FE is significant and provides definitive evidence that indigenous microorganisms at this location have the metabolic capability to completely dechlorinate TCFE, and by analogy, TCE. The estimated TCFE transformation rate was 0.002/day (Table 6 ).
Measured reductive dechlorination rates for TCFE across all tests were highly variable, ranging from < 0.0005 to 0.002/day (Table 6 ). These rates are orders of magnitude slower than TCFE transformation rates (0.05 to 1.6/day) reported in previous field tests by Hageman et al. (2001 Hageman et al. ( , 2003 and Field et al. (2005) . The slower rates in this study may be attributed to differences in aquifer and experimental conditions dechlorination. In contrast, the TCE concentrations in the aquifer at the SRS site were very low, and aqueous concentrations of potential electron donors were very low (Table   2 ). More importantly, in the Hageman et al. (2003) and Field et al. (2005) studies, the microbial activity was stimulated via fumarate, hydrogen, and lactate amendments to increase reductive dechlorination rates.
These results represent the first in situ measurements of TCFE reductive dechlorination rates under low chlorinated solvent concentrations and low microbial activity conditions. These aquifer conditions are typical of many dilute contaminant plumes for which MNA may be an appropriate remedy. In practice, the rate measurements (and retardation factors obtained from transport tests) can be used as inputs to site-scale numerical flow and transport models, which would then be used to This study also showed that reductive dechlorination of TCFM can be detected and suggests that the suitability of this compound as a reactive tracer to monitor the reductive dechlorination of carbon tetrachloride (CTET) should be explored in additional laboratory and field studies. An important first step would be to investigate the ability of known dechlorinating organisms to transform TCFM and to compare transformation rates for TCFM and CTET under similar conditions.
In situ monitored natural attenuation or enhanced attenuation are often the most cost-effective methods of remediating groundwater contaminated with low concentrations of chlorinated solvents. The key to demonstrating the potential efficacy of monitored 
